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Abstract. A methodology for coastal hazard assessment at
regional scale is presented and applied to the Catalan coast
(NW Mediterranean). The method separately evaluates ero-
sion and inundation hazards by using wave time series and
beach characteristics (slope and sediment grain size). Ob-
tained hazard time series are fitted to extreme probability
distributions for different coastal sectors which are defined
in function of local wave climate. This approach allows to
compare the spatial variation of hazard intensities for a given
probability of occurrence and, thus, to objectively identify
the most hazardous areas along the coast in terms of erosion
and inundation. Obtained results indicate that the coast north
of Barcelona is more hazardous than the southern coast re-
garding inundation for any given probability. With respect
to storm-induced erosion, the central coast of Catalonia is
the less hazardous area, although spatial variations in erosion
along the coast are smaller than the observed for inundation.
1 Introduction
Coastal vulnerability to storms can be simply defined as the
potential of a coastal stretch to be harmed by the impact
of a storm. Its assessment includes the modification of the
coastal geomorphology (morphodynamic response to storms,
i.e. coastal hazards) and the affectation of socio-economic
and environmental values. This will serve managers to as-
sess the expected magnitude of damages along the coast, to
make (informed) decisions on mitigation/adaptation strate-
gies and to allocate the required resources (frequently lim-
ited) to those locations more prone to be affected. Thus, the
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Protocol on ICZM in the Mediterranean (PAP/RAC 2007)
advises countries to undertake hazard assessments of coastal
zones to address the effects of natural disasters.
During the impact of a storm on the coastal zone, differ-
ent processes take place with different morphological conse-
quences and induced damages (e.g. Morton and Sallenger,
2003). Due to this, for practical purposes it should be de-
sirable to individually assess the magnitude of each of the
induced hazards. The two main induced coastal hazards are
erosion and inundation and, although they frequently verify
simultaneously, there are storm conditions where beach ero-
sion dominates whereas inundation is the most relevant haz-
ard under other situations. If information on the magnitude
of each hazard is available, the manager should know in ad-
vance the expected type of damages and would be able to
select the best measures to mitigate them. Finally, the quan-
tification of the relative contribution of each factor driving a
given hazard should also be relevant, in order to address the
problem more efficiently. This is taken into account in this
work by considering the storm-induced hazards to be the re-
sult of two main contributors: (i) storm properties and (ii) the
coastal geomorphology.
Within this context, the main objective of this work is to
develop a methodology to assess storm induced coastal haz-
ards at regional scale by taking into account (i) the different
induced hazards, (ii) the different contributors to the hazard’s
intensity and (iii) permitting to compare the intensity of the
hazard along the coast associated with a given probability
level. This methodology has been developed for and applied
to the Catalan coast but can be easily adapted to other coastal
zones.
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2 Study area and data
The Catalan coast is located in the NW Mediterranean
(Fig. 1). It has a length of approximately 600 km and it is
formed by a large variety of coastal types, such as cliffs, em-
bayed beaches, long sandy beaches and deltas.
Storm properties along the Catalan coast have been char-
acterized by using the best available information, which con-
sisted in: (i) recorded data from 5 wave buoys that have been
operating along the coast from the 80s, and (ii) hindcast wave
data for the period 1958–2001 obtained in the framework of
the Hipocas project (Guedes-Soares et al., 2002). Both data
sources were used to build up 50-year long (1958–2008) time
series in 5 areas along the Catalan coast. Each time series
was built after calibrating hindcasted data by using the period
of simultaneous buoy recording. Resulting time series were
composed by the values of the annual maximum storm which
was characterised by the significant wave height, Hs , peak
period, Tp and direction, θ , at the peak of the storm (when
the maximum Hs verifies) and the storm duration (defined
as the period during which Hs≥2 m, Mendoza and Jime´nez,
2008).
Beaches were characterized by main variables affecting
the intensity of the hazards such as beachface slope and sedi-
ment size. Data gathered in about 300 beaches were analyzed
to classify them in six beach types by using beachface slope
and sediment grain size as classification variables.
3 Storm-induced coastal hazards
3.1 Generalities
As mentioned before, the considered storm-induced coastal
hazards are erosion and inundation. These processes can sig-
nificantly vary in terms of type of response and intensity at
small spatial scales (see e.g. Morton and Sallenger, 2003).
Since the methodology has been developed to be applied at
regional scale, profile erosion and inundation are assumed to
be homogeneous at the beach scale and, in consequence, they
are evaluated as a single value per beach. Local variations
should be considered when the regional hazard assessment
needs to be downscaled at the beach level.
Although both processes are induced by the same storm
event, they are separately assessed in this work to properly
identify the dominant hazard during a given storm and lo-
cation. In the developed framework, both hazards are pa-
rameterized in function of storm (wave) properties and beach
characteristics by using two simple predictors.
Beach erosion is represented by the potential volume of
sediment eroded from the beach, 1V , during the impact of
the storm. This volume is calculated by using the predictor
proposed by Mendoza and Jime´nez (2006, 2009)
Fig. 1. The Catalan coast, study area and location of wave sectors.
1V = 2.9(JAτ)+6.73
=
[
2.9
(∣∣D−Deq∣∣0.5 tanβ)τ]+6.73 (1)
where JA is a parameter predicting beach profile changes
(Jime´nez et al., 1993), τ is the storm duration, D(=Hs /ωf T)
is the dimensionless fall velocity parameter (Dean, 1973),
Deq is its value at equilibrium, tanβ is the beach slope, ωf is
the sediment fall velocity and T is the wave period.
The meteo-oceanographic characteristics of the Catalan
coast determine that the wave-induced contribution to wa-
ter levels during storm dominates over the storm surge one
(Mendoza and Jime´nez, 2008). Due to this, the potential in-
undation during storms has been parameterized by the wave-
induced run-up. In this work, we use the run-up formula
proposed by Stockdon et al. (2006), which is given by
Ru2%
=1.1
0.35tanβ(HsL0)1/2+
(
HsL0
(
0.563tanβ2+0.004)1/2)
2
 (2)
where Hs is the deep-water significant wave height and Lo
is the deep-water wave length calculated for the wave peak
period. To estimate the most hazardous conditions, run-up is
evaluated at the peak of the storm.
3.2 Hazard assessment framework
The above presented predictors were implemented in a haz-
ard assessment framework to be applied at regional scale.
As mentioned before, the adopted approach is based on the
use of extreme probability distributions of induced hazards.
Thus, instead of comparing the effects induced by the impact
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of a given event along the coast, we compare the hazard in-
tensity associated with a given probability. This framework
is composed by the following elements and/or steps:
1. Selection of homogeneous sectors along the coast in
terms of wave climate to define storm forcing condi-
tions. For the Catalan coast five wave sectors have been
selected.
2. Selection of beach types in terms of beach properties
(sediment grain size and beach slope) to define recep-
tor’s (beaches) contribution to hazards along the coast.
For the Catalan coast six beach classes have been de-
fined. In this work we have used two main beach
types: (i) dissipative, which are composed by fine to
medium sands (0.1 mm–0.4 mm) and relatively mild
slope beachface (<1/10) and (ii) reflective, with coarse
sands (0.7 mm–1.0 mm) and steep beachface (1/6.5).
3. Built up of a storm time series for each wave sector from
wave data. In this work, the storm time series has been
obtained by using the annual maximum storm. This re-
sults in time series composed by 50 data (one per year)
covering the period from 1958 to 2008.
4. For each wave sector and for each beach-type, hazard
time series are built using the corresponding indicator.
This is separately done for erosion and inundation using
storm time series defined in step 3 and the correspond-
ing beach characteristics (obtained in step 2).
5. Fitting hazard time series to extreme distributions (for
each wave sector and beach characteristics sub-sector).
This methodology follows the response-approach to esti-
mate the hazard extreme distribution, which has been recom-
mended in different storm-induced risk analyses (e.g. Divoky
and McDougal, 2006; Jime´nez et al., 2009). The final result
is a collection of hazard intensities associated with given re-
turn periods along the coast. Thus, to analyze the spatial
variability in hazard intensity we select the target return pe-
riod (probability of occurrence of the hazard) and then, com-
pare the corresponding intensity for all the (wave) sectors
and (beach characteristics) subsectors. As a consequence,
obtained values along the coast do not necessarily correspond
to the same event but to the equal probability response.
3.3 Application to the Catalan coast
Figure 2 shows the extreme distribution of storm-induced po-
tential erosion along the Catalan coast for the two selected
beach types, i.e. dissipative and reflective. Results are pre-
sented for each wave zone being I the northernmost zone
(Roses) and V the southernmost one (Ebro).
When the erosion hazard intensity is analyzed by consid-
ering the beach type, fine-medium sand beaches are more
hazardous than coarser sand ones at any given probability.
Fig. 2. Extreme distribution of storm-induced erosion hazard along
the Catalan coast (solid line: dissipative beaches, dashed line: re-
flective beaches, shadow lines correspond to the most frequent
beach type per wave sector).
If the contribution of local wave characteristics is accounted
for, the N (zones I and II) and S (zone V) parts of the Catalan
coast are the most hazardous areas whereas the central coast
(Barcelona, zone IV) is the least one. For dissipative beaches,
the magnitude of erosion increases up to 2–2.5 times at the
North (zones I and II) and 1.2–1.5 times at zones III and V,
with respect to the estimated one for the central coast. This
ratio increases for increasing return periods (Fig. 3). The
same variation pattern is also observed for reflective beaches,
although the increase in magnitude at the N with respect to
the central coast is slightly larger than the observed for dissi-
pative ones.
Figure 4 shows the extreme distributions of the inundation
hazard along the Catalan coast for dissipative and reflective
beaches. As it can be seen, the dependence on beach type is
opposite to the observed for erosion, i.e. coarse sand beaches
are more hazardous than fine sand ones at any probability.
This is because beachface slope increases for coarser sands
and, the run-up magnitude increases with beach slope. Con-
sidering the dominant beach type per sector, the spatial distri-
bution of the inundation hazard shows two areas, northwards
and southwards of Barcelona, with the N part being the most
hazardous zone.
Figure 5 compares the magnitude of the inundation haz-
ard associated with any given probability with respect to the
ones at the central coast. In this case, the difference in mag-
nitude does not present a significant variation with TR and,
it is significantly smaller than the observed for erosion. The
maximum increase in inundation hazard is about 45% for the
N coast (sector I) whereas for the rest of the Catalan coast the
increase in magnitude is smaller than 20% of the observed at
the central part.
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Fig. 3. Ratio of the magnitude of storm-induced erosion hazard for
each wave sector with respect to the magnitude at the central part
(Barcelona) of the Catalan coast (solid line: dissipative beaches,
dashed line: reflective beaches).
Fig. 4. Extreme distribution of storm-induced inundation hazard
along the Catalan coast (solid line: dissipative beaches, dashed line:
reflective beaches, shadow lines correspond to the most frequent
beach type per wave sector).
4 Discussion and conclusions
In this paper, a methodology for storm-induced beach haz-
ard assessment at regional scale has been presented. The
method separately evaluates main induced hazards (erosion
and inundation) in probabilistic terms. Results are presented
as extreme distributions of hazards for different areas along
the coast (depending on the wave climate) and, for differ-
ent beach types (depending on the existing geomorphology).
With these distributions, we can identify the most hazardous
areas along the coast by comparing the intensity of a given
hazard (erosion and/or inundation) associated with a given
probability.
The methodology has been applied to assess storm-
induced hazards for existing beach types along the Catalan
coast. The real distribution of hazards will depend on the
spatial distribution of existing beach types along the coast,
Fig. 5. Ratio of the magnitude of storm-induced inundation hazard
for each wave sector with respect to the magnitude at the central part
(Barcelona) of the Catalan coast (solid line: dissipative beaches,
dashed line: reflective beaches).
i.e. reflective beaches dominate northwards of Barcelona and
dissipative ones do at the southern coast. With this spatial
pattern, real differences in the magnitude of erosion along the
Catalan coast will be lower than the theoretical one which is
obtained for all beach types (see shadowed lines in Fig. 2).
On the other hand, this spatial distribution of beaches affects
the inundation hazard in opposite manner. Thus, the differ-
ence in real hazard intensities at the N and S parts of the coast
will be larger than the obtained per beach type (see shadowed
lines in Fig. 4).
It has to be stressed that the obtained hazard values do
not necessarily correspond to equivalent vulnerability ones,
because they only account for the intensity of induced pro-
cesses without including the capacity of the coastal system
to cope with the hazards. To do this, we must include some
beach variables characterising its capacity of response. Thus,
when assessing vulnerability to erosion, the hazard intensity
needs to be integrated with beach width and, in the case of
inundation, the beach/dune height should be included.
By using this methodology, coastal managers could iden-
tify the most potential hazardous zones in terms of beach ero-
sion and inundation along the coast for a given probability. If
combined with actual beach characteristics (to convert haz-
ards to vulnerabilities) this could be used to properly allocate
resources to prevent/mitigate expected storm-induced dam-
ages along the coast. However, before applying this method-
ology in real situations, it is necessary to identify thresholds
for the selected hazard indicators (erosion and inundation)
that if exceeded could be used as proxies of the existence of
coastal damages. A first validation has been done at regional
level for Catalonia by Jime´nez et al. (2010).
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